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Freeze-thaw deterioration of concrete is a major durability issue in cold climates. Air-
entraining admixtures are used to create a network of fine bubbles that enhance frost resistance. 
Experience has shown that fresh air content alone cannot predict the effectiveness of the entrained 
air system. Instead, parameters such as bubble spacing factor measured on polished sections are 
more useful for assessing freeze-thaw durability.  This study is motivated by concerns about how 
vibration and handling of fresh concrete may affect air void parameters. Fresh concrete mixtures 
were cast into both crosstie and cylinder molds which were consolidated using a rod vibrator and 
table vibrator respectively. The consolidating effect was characterized based on acceleration 
measurement in the fresh mixtures during vibration and the hardened air-void parameters 
prescribed by ASTM C457 were also estimated using an automated flatbed scanner method. There 
was no significant change in the spacing factors of the concrete mixtures subjected to vibration, 
indicating the robustness of the air-void system. The results also showed strong correlation on the 
air content and spacing factor between the tie and cylinder samples. This further validates the 
performance based approach investigated in this study. 
With regard to foamed concrete, the mechanism of freeze-thaw deterioration is more 
complicated as there may be a large amount of free water present in the comparatively larger air 
voids. This makes it necessary to understand the movement of water in foamed cementitious 
materials. The water absorption characteristics of foamed cement mixtures of densities ranging 
from 0.4 g/cm3 to 1.6 g/cm3 were investigated. An air-entrained cement and a pure cement paste 
mixture were also used for the study. Three different water absorption tests were conducted and it 
was found that amount of water absorbed decreased as density increased from 0.4 g/cm3 to 0.9 
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g/cm3 but then increased on further increase in density. As density changed from 0.9 g/cm3 to 1.2 
g/cm3, the material transformed from an open cell to a closed cell. For the open cell materials, 
because the voids are interconnected, water flowed through them whereas in the closed cell 
materials, water flow took place through the capillary pores. This could also be well explained 
from the SEM images of the samples. It was also concluded from this study that the size of voids 
governs the absorption of water for the lower density samples while for the higher density samples, 
only void content matters. 
Chemical admixtures are an important constituent of concrete and analysis of presence of 
their traces in concrete is important from the point of view of forensic science. The reliability and 
efficiency of few techniques, namely energy-dispersive X-ray spectroscopy, inductively coupled 
plasma optical emission spectrometry, CHN analysis and X-ray fluorescence were studied. The 
composition of foamed and air-entrained cement samples was analyzed before and after a 
‘cleaning’ process (samples were cleaned in water/alcohol in an ultrasonic booth). Because SEM-
EDS provides spot composition, it could qualitatively detect presence of traces of the foaming 
admixtures but their quantification was not possible. ICP-OES and CHN analysis could indicate 
the presence of the admixtures to some extent but XRF analysis was not found to be useful enough, 
even for qualitative purpose. In addition to these techniques, surface analysis methods such as X-
ray photoelectron spectroscopy and secondary ion mass spectroscopy could be used in order to 









I wish to gratefully acknowledge my adviser, Professor David Lange for his invaluable 
guidance and support throughout the course of my research. He has been very instrumental in 
opening new vistas of knowledge for me and his critical suggestions have helped me a lot. I am 
very glad to have worked under him and special mention should also go to my research 
groupmates, who have always been very helpful. I wish to specially thank Yu Song for carrying 
out the vibration intensity measurements for the work of hardened air void analysis and for his 
advice and words of encouragement. He has been a very good friend and a mentor to me.  
I would also like to express my sincere gratitude to Federal Railroad Administration for 
funding the research work on hardened air void analysis and voestalpine Nortrak for providing the 
concrete samples. I am also obliged to the staff in MRL who trained me on SEM/EDS and XRF 
and the staff in the School of Chemical Sciences who helped me in carrying out the ICP-OES and 
CHN analysis tests.  
My parents and elder brother have always been a constant source of support and 
encouragement. I would like to thank them for instilling confidence in me and for their love and 









TABLE OF CONTENTS 
 
CHAPTER 1: INTRODUCTION …………………………………………………………………1 
CHAPTER 2: AIR VOID ANALYSIS OF HARDENED CONCRETE USING A FLATBED                          
SCANNER …...………………………………………………………………………………….. 4 
 
CHAPTER 3: WATER ABSORPTION OF FOAMED CEMENTITIOUS MATERIALS …….. 33 
CHAPTER 4: FORENSIC METHODS FOR PRESENCE OF AIR-ENTRAINING AND 
FOAMING ADMIXTURES …………………………………………………………………… 49 
 
REFERENCES …………………………………………………………………………………. 67 
APPENDIX A: ORIGINAL SCANS AND PROCESSED TERNARY IMAGES OF HARDENED 
CONCRETE …………................................................................................................................. 74 
 














CHAPTER 1: INTRODUCTION 
 
Concrete is the most widely used construction material in the world. In order to better 
understand the properties and performance of concrete, study of its microstructure is of paramount 
importance. This is because for concrete or other cementitious materials, the properties at the 
micro/nano level influence the behavior at the macro level. This includes both fresh state properties 
such as workability and hardened state properties such as strength, durability and volume stability. 
This thesis is comprised of three parts. The first part is based on the air void analysis of 
hardened concrete in order to assess the freeze-thaw durability of concrete crossties. Wood has 
traditionally been used for railway crossties but nowadays, ties made of prestressed concrete are 
widely used in most parts of the world. Freeze-thaw damage of concrete is a major durability issue 
in most regions of the United States and historically, air-entraining admixtures have been used to 
mitigate this effect. In 1949, Powers was the first to explain the mechanism of freeze-thaw damage 
by using the hydraulic pressure theory and the concept of spacing factor was also introduced [1]. 
Since then, a lot of refined theories have been proposed, such as those described by Rashed and 
Chatterji [2,3].  
Proper characterization of the air-void system in concrete has always been a major 
challenge due to the complex nature of its microstructure. Limited accessibility of appropriate 
equipment further adds to the problem. The most common method employed for estimating the 
air-void parameters in hardened concrete is a microscope-based method and is described in ASTM 
C457 “Standard Test Method for Microscopical Determination of Parameters of the Air Void 
System in Hardened Concrete” [4]. However, the method specified in ASTM C457 involves 
manual measurement of the three different phases of concrete (aggregates, cement paste and air 
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voids) along a series of straight lines. Thus, it is tedious and time-consuming and additionally, 
there is also an issue of representativeness because air voids are spread in three-dimensional space 
in hardened concrete and this method is limited to measurements in a single dimension. Therefore, 
researchers came up with other techniques in order to facilitate automated estimation of the air-
void parameters. This study investigated the effect of vibration on the air-void parameters of 
concrete mixtures with different air-entrainment. An automated method was followed to obtain the 
air-void parameters of polished concrete samples scanned using a high-resolution commercial 
flatbed scanner.  
The second and third parts of the thesis are based on the study of microstructure of foamed 
concrete. Foamed concrete is basically cement paste or mortar with air voids entrained with the 
help of a suitable foaming admixture. Foamed concrete is characterized by low density, high 
flowability, low cement content and outstanding thermal insulation. Additionally, there is also 
substantial savings in material due to the highly porous structure [5]. Depending on the dosage of 
the foaming admixture, the density can vary between 0.3 g/cm3 to 1.6 g/cm3.  
The second part investigates the water absorption characteristics of foamed cementitious 
materials. Study of water absorption characteristics of construction materials is essential as they 
ultimately influence its durability as well as other properties. Previous research showed that 
sorptivity was correlated to durability of porous building materials such as concrete, mortar and 
masonry [6,7]. It has been found that water movement in concrete is not solely dependent on the 
total volume of pores but the sizes of the pores, their distribution, continuity and tortuosity are also 
critical factors [8]. With regard to foamed materials, the water movement becomes more 
complicated due to presence of large volume of entrained voids.  
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The third part focuses on the forensic methods to detect presence of air-entraining and 
foaming admixtures in cement-based materials. In forensic materials engineering, analysis of trace 
evidence is important. The contact between two different kinds of materials can lead to presence 
of traces of one over the other and concrete being a heterogeneous material, there are chances for 
this to happen. Admixtures in concrete, even if added in small amounts can significantly change 
its properties. Therefore, detecting the presence of traces of the various admixtures in concrete is 
essential. There are a number of characterization techniques available for this purpose. While 
techniques such as energy dispersive X-ray spectroscopy (EDS), inductively coupled plasma mass 
spectrometry (ICP-MS), X-ray fluorescence (XRF), X-ray photoelectron spectroscopy (XPS) can 
provide qualitative analysis of the traces of elements present in a material, techniques such as 
inductively coupled plasma optical emission spectrometry (ICP-OES) can help in providing 













CHAPTER 2: AIR VOID ANALYSIS OF HARDENED CONCRETE USING A 
FLATBED SCANNER 
 
Concrete is an ideal material for making railway crossties with good quality, serviceability, 
and durability. However, this material can be vulnerable to freeze-thaw cycles that are commonly 
experienced in most regions in the United States. Due to build-up of the internal pressure induced 
by the temperature change, concrete degradation can be exacerbated. Properly entraining air 
bubbles into the fresh concrete mixture is known to alleviate this issue, as the tiny air bubbles 
provide space for pressure relaxation [1,9]. Overly introducing air to the fresh mixture, however, 
often leads to unaccepted concrete with respect to strength [10]. Thus, evaluating the quality of 
the air entrainment is a key factor for predicting the durability of concrete crossties.   
In crosstie production, testing the concrete freeze-thaw durability is critical for quality 
control. Although testing the fresh air content in concrete using an air meter is fast, but its poor 
reliability is recurrently lamented by practitioners [11,12]. Therefore, testing the air content and 
the spacing factor of hardened concrete, as specified by the ASTM C457, is commonly preferred 
in the industry [4]. Some drawbacks of this approach involve the high expense of the commercial 
inspection service and the delayed feedback due to circulation of the concrete samples between 
the concrete producer and the professional agency. At the same time, the sample needs to be 
extracted directly from the crosstie for the matter of representativeness. However, the sample 
extraction from the crosstie can not only be time consuming, but also leads to unnecessary material 
waste of the tested crosstie.  
To solve the above stated issues, a new performance-based testing approach for concrete 
freeze-thaw quality control is proposed in this study. The testing was conducted on five fresh 
concrete mixtures with different amounts of air entrainment. In addition to preparing the normal 
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crosstie samples, the fresh mixtures were cast into cylinder molds and then consolidated on a 
specially designed vibration table to match the vibration intensity of the rod vibrator used for 
consolidating the crosstie samples. To validate this approach, the vibration intensity of the fresh 
mixtures in the two types of molds was measured, and an automated hardened air void analysis 
was carried out on those samples. Results from the two analyses were used to comparatively 
investigate the vibration effects.  
 
2.1 Voids in Concrete 
In order to better understand the behavior of concrete under conditions of freeze-thaw 
cycles, it is important to understand the voids at the microscopic level. Equally important is to 
understand the movement of water through the cement paste and around the air voids.  
There are different types of voids/pores in hardened cement paste, namely gel pores, 
capillary pores, entrained air and entrapped air. Gel pores are the smallest and their size varies 
from 0.5 to 2.5 nm. Because of such small size, they do not influence the strength and permeability 
characteristics of cementitious materials but they do affect drying shrinkage and creep 
significantly. Capillary pores can be further classified into macropores (size larger than 50 nm) 
and micropores (size smaller than 50 nm). While the former can control properties of concrete 
such as strength and permeability, the latter essentially functions as gel pores. The size of the 
macropores can go upto 1 µm [13]. The size of the entrained voids can be between 50 to 1000 µm. 
They are usually produced in concrete with the help of air-entraining agents to enhance its frost 
resistance and they mostly have a regular spherical shape. The entrapped air voids are much larger 
than the entrained air voids and their shapes are comparatively irregular. The presence of both 
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entrapped and entrained air voids can significantly affect the strength of concrete [13]. Figure 2.1 
illustrates the range of sizes for the different types of voids in concrete [13]. 
 
Figure 2.1: Dimensional ranges of air voids in hardened cement paste [13] 
 
Figure 2.2 shows an SEM image of an air void in a fresh mix of concrete (five minutes 
after hydration) [2]. At this very early age, cement particles can be seen distributed around the air 
void. A closer look of the morphology reveals the presence of calcium silicate hydrate (CSH). As 
hydration would go on, the cement particles would be agglomerated and other hydration products 
such as calcium hydroxide can also be seen. Calcium hydroxide is usually present in the form of 
hexagonal crystals. Figure 2.3 shows the SEM image of air void in hardened concrete [14]. As can 
be seen from the figure, the air void is not perfectly spherical and a closer look reveals the presence 
of lines in the air void. According to Rushed et al., these lines are thin crystals penetrating the 




Figure 2.2: Air void in fresh concrete [2] 
 
 
Figure 2.3: Air void in hardened concrete [14] 
 
As water in cement paste freezes, it would move to the surrounding air void through the 
cement paste. In this way, the entrained air void can accommodate the freezing water and thus 
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relieve the stress induced in the cement paste due to volume expansion. There is a general tendency 
for water in the larger pores to freeze first compared to that in the smaller ones [14]. Figure 2.4 
shows a schematic of the distribution of water in air voids before and after freezing [15]. For the 
first case with low moisture content, ice is formed in the capillary pores and because of such less 
amount of water, they do not reach the air voids. The second case is what is commonly observed 
in concrete. The moisture content is between 10 to 40% and when ice forms, the excess volume 
can be accommodated in the air voids. It represents the critical point wherein the capillary pores 
are saturated but the air voids are free of water. On the other hand, the third case represents the 
condition of oversaturation. 
 
 
Figure 2.4: Distribution of water in/around air voids before and after freezing [15] 
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2.2 Automated Hardened Air Void Analysis: Review 
As stated previously, the microscope based method specified in ASTM C457 has been the 
most common method for obtaining air void parameters of hardened concrete [4]. This 
measurement involves measuring the total traverse length of the three phases of concrete- air voids, 
cement paste and aggregates along a series of straight lines on the polished surface of concrete. 
Figure 2.5 shows a schematic of the method.  A specially designed optical equipment is needed for 
this purpose. During this measurement, the proportions of the three phases and the total number of 
voids can be known and therefore, air-void parameters such as air content, paste content, void 
frequency and spacing factor can be calculated. However, this method is tedious and time-
consuming and can also prove to be quite expensive.  
 
 
Figure 2.5: A schematic of the ASTM C457 Method 
 
9
Additionally, there is also an issue of representativeness because air voids are spread in 
three-dimensional space in hardened concrete and this method is limited to measurements in a 
single dimension. Another method, called the modified point-counting method has also been used. 
This method uses a grid system of points and the total number of traversed air voids is also counted. 
Finally, the air void parameters are estimated based on a statistical approach. But again, this 
method is quite cumbersome and expensive [16].   
Therefore, researchers around the world have attempted to develop techniques to overcome 
the limitations of these methods. The idea of acquiring the image of polished concrete surface by 
using a digital camera was initially offered by Chatterji and Gudmundsson [17]. This idea was 
later adopted by Pleau et al. and Zhang et al. in 2001 and 2005 respectively [18,19]. Schlorholtz 
used scanning electron microscope to get an image of the polished surface of concrete specimen 
[20]. However, heavy labor was still required for differentiating between the three phases of 
concrete. An automated method to distinguish the different phases was therefore required and Scott 
proposed one such method in 1997 [21]. The idea was to create a contrast between the air voids 
and the remaining phases. This was done by using black ink over the polished concrete surface 
and white powder was used to fill the air voids. However, this method could not separate the paste 
and aggregate phases and often required multiple images for the same surface. Peterson et al 
worked to overcome this limitation. Their work involved the usage of a flatbed scanner to acquire 
images of polished concrete surfaces. Three scanned images were needed to yield a final image 
and superposition of the images helped in accurate segmentation of the different phases of 
concrete. The first image was of the untreated concrete surface, the second one was that of the 
concrete surface stained pink with phenolphthalein and the last one was that of the surface being 
blackened and the air voids being filled with white powder [22]. Their method was advantageous 
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compared to methods proposed by previous researchers as this could estimate the paste content in 
the concrete and this is an important parameter according to ASTM C457 [4]. Peterson also 
developed a method to estimate the paste content using an input value. The paste content would 
be calculated based on the mixture proportions or the manual point count method and it was 
concluded that it correlated well with ASTM C457 [23, 24, 25, 26]. Other researchers have also 
used the flatbed scanner for this purpose and their work confirmed its convenience and practicality 
[27, 28, 29]. There is another approach that uses the RapidAir 457 and this method has been used 
considerably.  It is a freeze-thaw parameter measuring device developed by Jakobsen et al. and it 
consists of a microscope, camera and motorized stage. This method too uses the black surface and 
white powder surface treatment to identify the different phases of concrete [30]. All these works 
have proved to be significant improvements over the method of ASTM C457 yet there are lot of 
challenges that need to be overcome.   
 
2.3 Experimental Procedure 
2.3.1 Material 
A type of concrete mixture which is commercially used for casting crossties was 
investigated as the base material in this study. The only variable changed in the mixture design 
was the dosage of air-entraining admixture. A total number of five groups of fresh concrete 
mixtures were considered, namely A, B, C, D, and F. The mixture D was the one which is used for 
casting commercial crossties in the visited plant, and it had a targeted air content (TA) for a 
desirable concrete freeze-thaw resilience. The mixture F was dosed with the highest amount of air 
entrainment, resulting in an excessive air content (EA) for that mixture. The mixture A was 
designed to have a high air content (HA) in between D and F. The mixture B had a lower air 
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content (LA) than D. For the mixture C, no air entrainment was used (NA). For each mixture, the 
fresh concrete was cast into the commercially used crosstie molds and standard 4 by 8 inches 
cylinder molds.  
Different amounts of vibration were applied to both the crosstie and cylinder samples. For 
the tie samples, a rod vibrator was used for consolidation. The vibrator was inserted for eight times 
across the entire length of the mold with the same spacing. Three different durations of each 
insertion were used, which were 0-s no vibration, 6-s typical vibration, and 12-s excessive 
vibration. For the cylinder samples, the same vibration scenarios were implemented. As a result, a 
total number of 15 tie samples and 15 cylinder samples were investigated. For the convenience of 
the discussion, the samples were named in a way such that it represented, in sequence, the mixture 
name (along with air entrainment), mold type, and length of vibration. For instance, D(TA)_T_6 
represented the mixture D with the target air that was cast in the crosstie mold and vibrated for 6 
seconds.  
 
2.3.2 Apparatus and Procedure 
The intensities of the vibration experienced by the fresh concrete in both the crosstie molds 
and the cylinder molds during the consolidation were comparatively investigated. The vibration 
intensity was evaluated according to the acceleration (i.e., g-force) measured in the fresh concrete. 
Figure 2.6 shows a schematic of the vibration intensity measurement followed for the crosstie 
molds while Figure 2.7 shows the apparatus used for acceleration measurement. The acceleration 
measurement was conducted with two PCB 3-axis accelerometers (model W356A12), which were 
connected to a series of NI test modules for real-time data acquisition and interpretation. The raw 
data were further processed with a self-prepared LabVIEW program to calculate the acceleration 
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in each of the three directions and the magnitude of the overall acceleration experienced by each 
sensor, presented as g-force. The sampling frequency of the accelerometers was set as 2500 Hz. 
This practice ensured a desirable resolution for capturing enough details of the vibration [31]. After 
each test, the result was stored in the computer for post-processing. 
 
 





Figure 2.7: Apparatus for the acceleration measurement 
 
The vibration measurement conducted in the crosstie is illustrated in Figure 2.8. The 
accelerometers were injected into the fresh concrete right after casting at two locations: the mid-
point and near one end of the crosstie mold. The injection was conducted with a guiding tube to 
ensure precise placements of the sensors, which were placed at one inch from the bottom. After 
the injection was done, the guiding tube was lifted by half an inch to let it fully detach with the 
sensor so that any potential interference from the tube could be eliminated. During testing, the 
fresh concrete was consolidated with eight insertions of a rod vibrator across the entire length of 
the mold, with a constant spacing between each. The time length of each insertion was controlled 
as 0 s (no vibration), 6 s (moderate vibration), and 12 s (excessive vibration), to permit different 
degrees of consolidation for the samples. Once the measurement was done, the crosstie samples 
were cured in place for 24 h until demolding. After that, a hardened concrete sample of each 
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Figure 2.8: Vibration quantification work of measuring acceleration in the fresh concrete 
 
The vibration measurement of the cylinder samples was carried out similarly as for the 
crosstie samples, while only one sensor was injected into the center of each cylinder sample. For 
each group of the samples, fresh concrete from the same batch was cast into 4 by 8 inches standard 
cylinders for the match study. A table vibrator driven by compressive air was prepared for this test, 
as shown in Figure 2.10. A steel bracket tightly holding the cylinder mold was also mounted on 
top of the table to ensure that the vibration energy could be effectively transferred to the samples. 
The vibrator was designed to have the same vibration frequency as the rod vibrator used for the 
crossties. By tuning the air valve, the air flow could be regulated to adjust the vibration intensity. 
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Based on the engineering judgment, a number of vibration intensities that were close to that of the 
rod vibrator were used for each cylinder sample. The time length of vibration was also controlled 
as 0 s (no vibration), 6 s (typical vibration), and 12 s (excessive vibration). After testing, the 
samples were cured in the cylinder molds for further investigation of the hardened air void analysis.          
 
 






Figure 2.10: Air-driven table vibrator allowing an adjustable intensity of the output vibration. 
The steel brackets mounted on it were used to constrain the cylinder. 
 
For the hardened air void analysis, the cylinder samples were saw-cut into two halves. The 
cross-section size was therefore 4 by 8 inches. The tie samples were saw-cut to an approximate 
area of 5 by 4 inches. The cut samples were then polished in accordance with the ASTM C457 
using an ASW-1800 lapping wheel [4]. The methods of sample preparation, image acquisition, 
and image processing followed in this study were similar to that described by Song et al. [16]. A 
series of lapping discs of grit sizes of 60, 180, 360, 600, 800, and 1200 were used progressively to 
polish the samples.  
Once the polishing work was done, the polished surfaces, after cleaning and drying, were 
then treated with 5% phenolphthalein in ethanol solution in order to distinguish the cement paste 
from the air voids and aggregate phases. The excessive solution was then removed immediately 
using absorptive paper. Shortly after drying, an orange, fluorescent chalk powder was used to fill 
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the air voids exposed on the sample surface. The chalk powder was gently pressed into the air 
voids with a finger. After all the air voids were filled, a sharp razor blade was slowly run across 
the surface at a very low angle to strike off the excess powder. To obtain a high-resolution colored 
scan of each prepared sample, the polished surface was then cautiously placed against the glass 
pane of a flatbed scanner. This step was done to ensure the chalk powder did not fall off from the 
voids. The scanning work was done by using a CanoScan 9000F flatbed scanner, with a resolution 
of 4800 dpi. As a result, the edge length of each pixel was 5.3 µm. Three scans of 2 by 2 inches 
was extracted from each sample, rendering a total scanning area of 12 in2 that satisfied the 
minimum requirement given in ASTM C457 [4].  
After the acquisition of the scans, image processing was carried out using a series of 
programs. Multispec which is a free image-segmentation software package was used to recognize 
the three phases in the RGB scans (i.e., air void, paste, and aggregate) [32]. This was done in a 
semi-automatic manner by manually sampling of the three different colored regions (fluorescent 
orange for the air voids; pink for the cement paste; and the rest for the aggregates), and then letting 
Mutispec segment the RGB scans into the three corresponding phases. The automated image 
segmentation was achieved using an image analysis algorithm in Multispec named ECHO 
Classifier (Extraction and Classification of Homogeneous Objects), in which spectral-spatial 
features of the categorized selections were used for the recognition. For example, the spectral 
characteristic could be the color contrast created by the fluorescent chalk powder representing air 
voids, and spatial characteristics involved with the change in color from an air void to adjacent 
pink colored paste causing discontinuity of homogeneity at the phase boundary. The final 
processing work was done using ImageJ developed by the National Institutes of Health [10]. 
During the processing, the air voids smaller than 20 µm and the aggregates smaller than 100 µm 
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were filtered out and the voids in the aggregate were also filled up to render a ternary image. As 
the last step, a MATLAB script was used for automated counting of the ASTM C457 parameters 
from the ternary image. 
 
2.4 Results and Discussion 
2.4.1 Vibration effect on the fresh concrete mixtures 
For the crosstie samples, the fresh mixtures of Groups A, B, C, D, and F were tested for 
the vibration evaluation. The three samples in each group experienced 0, 6, and 12 s consolidation 
for each injection of the rod vibrator. The results of the samples in Group A are discussed below 
as an example. The recorded vibration history collected by the two sensors in sample A(HA)_T_6 
are given in Figure 2.11. The “sensor 1” detected the vibration in the middle of the crosstie mold, 
while “sensor 2” sensor was placed at one end of the mold. In Figure 2.11, the two vibration plots 
highly overlap with each other from 0 to 40 s. Between 40 and 60 s, a contrast in the vibration 
intensity is observed, where the vibration intensity of the first sensor bumps up to 9 g, while the 
intensity of the second sensor remains roughly at the same level. An overlay of the two intensities, 
however, is obtained again in between 60 to 75 s, during which the vibration intensities stay at a 
low level below 5g. After that, the difference shows up again—the vibration intensity detected by 
the second sensor reaches to a maximum of 12 g, while that of the first sensor stays at the level as 
the previous stage. Overlay of the two plots is seen again from about 95 s, which lasts to the end 




Figure 2.11: Vibration history of the two sensors embedded in sample A(HA)_T_6, which 
experienced a 6-s consolidation (moderate) for each of the eight insertions of the rod vibrator 
 
The three overlays of the vibration intensity at 0 to 40 s, 60 to 75 s, and 95 to 110 s, show 
that the two sensors experienced identical vibration conditions at those time periods, although the 
sensors are placed at different locations. This phenomenon is obviously not a simple coincidence. 
Indeed, what is reflected in those overlays should be the background vibrations coming from the 
plant environment, such as ground vibrations caused by the operation of large equipment or the 
passing vehicles. This observation also indicates a high degree of sensitivity of the accelerometers 
that are desirable for this test. The differences between the two signals, therefore, reflect the 
vibration truly induced by the rod vibrator. In addition, the overlay at 60 to 75 s implies that there 
is no overlay between their sensing ranges. 
Based on the above discussion, a true vibration profile of sample A(HA)_T_6 is obtained 
by calculating their difference on the acceleration intensity, shown in Figure 2.12 (a). The 
vibrations resulting from the insertion of the rod vibrator are designated as the major individual 
peaks in the intensity plot. In this case, it is found that the maximum vibration intensities 
























of the second sensor (placed at the far end) range between 10 to 12 g. The stronger vibration at the 
end of the crosstie mold can reasonably be attributed to the boundary effect that limits the 
attenuation of the vibration energy at the mold end. The vibration profile of sample A(HA)_T_12 
is also obtained in the same manner, as given in Figure 2.12 (b). In contrast to sample A(HA)_T_6, 
the vibration profile of sample A(HA)_T_12 that was excessively vibrated with 12 s for each 
insertion shows a more intensive vibration response. First, the maximum intensities of the two 
sensors are escalated to 12 and 14 g, respectively. These intensities almost double the peak values 
of sample A(HA)_T_6. Second, the peaks in Figure 2.12 (b) are evidently wider, delivering a more 
persisting vibration from each insertion of the vibrator. Therefore, it can be expected that the 12-s 
extended vibration made a substantial difference on the consolidating the fresh concrete, which 
should be reflected in the results of the hardened air void analysis.  
 As a comparison of the vibration recorded from all the vibrated tie samples, the peak 
acceleration of the sensor placed in the middle of the tie mold, which is supposed to be less affected 
by the boundary effect, is summarized in Figure 2.13 (a). These peak values are approximated to 
the closest of 0.5 g. For each of the five mixtures, the 12-s excessive consolidation results in a 
higher vibration intensity than the 6-s moderate consolidation. To be specific, the intensities of the 
6-s consolidation cases fall between 4 to 8 g, while those of the 12-s consolidation cases range 







Figure 2.12: Normalized vibration history of: (a) sample A(HA)_T_6 (moderate vibration), and 
(b) sample A(HA)_T_12 (excessive vibration). These plots are obtained by calculating the 
difference between the two vibration intensities in each sample. 
 
It is interesting to notice that the vibration intensity tends to be lower as the dosage of the 
air entrainment gets reduced. As a comparison to the consolidating effect on the tie samples, the 












































figure, the results indicate relatively marginal increases of the peak acceleration when the vibration 
is extended from 6 to 12 s. The intensities of all the cases of the cylinder samples range from 12 
to 20 g. Therefore, the peak accelerations of the cylinder samples are evidently higher than those 
measured from the tie samples. Note that the vibration intensity was slightly changed for each 
cylinder sample and not maintained to be identical across different samples. The significantly 
greater vibration intensities experienced by the cylinder samples should be attributed to the 
differences in the sample geometries. During the test, the cylinder samples were held in a much 
smaller space than the tie samples, which does not allow the vibration energy to attenuate as a 
function of distance. In addition, the cylinder samples are expected to be consolidated more 
uniformly, as the total volume of the cylinder sample is much smaller than the tie sample. As a 
result, greater vibration intensities are anticipated in the cylinder sample even with a similar 
amount of energy input from the vibrator. However, this discrepancy issue should be easily fixed 
by tuning down the intensity of the table vibrator to an appropriate level. Overall, a good potential 
of simulating the real vibration scenario in the fresh concrete in the crosstie mold by conducting 
the match-vibration on the cylinder samples is confirmed by this comparison. Meanwhile, more 
detailed work should be done to build a better correlation between the vibration intensities in the 







Figure 2.13: Maximum vibration intensities experienced by different samples consolidated for 
both 6 and 12 s: (a) in the crosstie molds, as indicated by the sensor placed in the middle, and (b) 











































2.4.2 Hardened air void analysis 
After the polishing work and the surface treatments, the samples prepared for the hardened 
air void analysis were scanned, and the scanned images were further processed to get the 
segmented ternary image. The original scan and the ternary image of the sample C(NA)_T_6 is 
given below in Figure 2.14 to represent the quality of the image processing work. On close 
inspection of the two given images, the different phases in the original scanned image are 
accurately represented in the processed image. In addition, the voids originally presented in the 







Figure 2.14: Original scan and its ternary image after processing of sample C(NA)_T_6. 
 
Based on the results from the air meter, mixtures A, B, C, D, and F had fresh air content 
values of 5.8%, 4.6%, 0.8%, 6.1% and 9.0% respectively. Based on the processed ternary images, 
25
the ASTM C457 parameters were also obtained for each sample. The air parameters of air content, 
paste content, and spacing factor for the tie and the cylinder samples are given in Tables 2.1 and 
2.2 respectively.  
  
Table 2.1: Air void parameters of the tie samples. 
Sample Air [%] Paste [%] Spacing factor [mm] 
A(HA)_T_0 8.88 49.24 0.217 
A(HA)_T_6 7.85 45.25 0.261 
A(HA)_T_12 7.10 47.20 0.179 
B(LA)_T_0 4.93 51.37 0.193 
B(LA)_T_6 6.10 46.75 0.237 
B(LA)_T_12 5.88 42.32 0.158 
C(NA)_T_0 1.31 40.18 0.513 
C(NA)_T_6 1.57 47.04 0.802 
C(NA)_T_12 1.38 43.32 0.755 
D(TA)_T_0 6.64 42.94 0.248 
D(TA)_T_6 6.35 43.73 0.221 
D(TA)_T_12 3.88 48.85 0.202 
F(EA)_T_0 8.35 56.31 0.166 
F(EA)_T_6 11.09 46.23 0.192 
F(EA)_T_12 6.46 43.70 0.216 
 
The effect of vibration on air contents for the various mixtures for the tie and the cylinder 
samples are shown in Figure 2.15 (a) and (b) respectively. As can be seen from the figures, the air 
content values for both ties and cylinders are reasonably close to the fresh state air content values. 






Table 2.2: Air void parameters of the cylinder samples 
Sample Air [%] Paste [%] Spacing factor [mm] 
A(HA)_C_0 6.95 46.67 0.174 
A(HA)_C_6 6.93 53.00 0.177 
A(HA)_C_12 6.33 39.83 0.148 
B(LA)_C_0 7.02 48.88 0.158 
B(LA)_C_6 6.07 44.81 0.174 
B(LA)_C_12 6.94 44.05 0.153 
C(NA)_C_0 2.75 41.13 0.361 
C(NA)_C_6 1.87 38.60 0.636 
C(NA)_C_12 1.84 47.24 0.653 
D(TA)_C_0 6.06 44.78 0.128 
D(TA)_C_6 9.61 40.18 0.116 
D(TA)_C_12 6.60 45.61 0.154 
F(EA)_C_0 8.92 44.76 0.193 
F(EA)_C_6 7.35 46.91 0.197 
F(EA)_C_12 10.45 48.33 0.140 
 
After vibration, reductions of the air content in concrete are observed for most of the 
samples. As compared with the cylinder samples, the air content reductions are significantly larger 
when the consolidation is extended to 12 s for the tie samples. This trend can be well explained by 
the evidence shown in Figures 2.13 (a) and (b), where it is concluded that the vibration effect is 










The effect of vibration on spacing factor for the two types of samples are compared in 









































Figure 2.16: Effect of vibration on spacing factor for (a) the tie samples, and (b) the cylinder 
samples 
 
However, this rule is only confirmed by the response of Mixture C—but not for Mixtures 















































are robust, as their spacing factors are little changed by long vibration periods. For the exceptional 
case of Mixture C that has no air entrainment and very limited population of small air bubbles, the 
spacing factors become evidently higher after the vibration. This behavior is very likely related to 
the size of the air bubbles. As the air entrained voids have much smaller sizes than entrapped air 
voids, the small voids in the air entrained mixtures are essentially more stable during vibration 
and, therefore, they maintain the similar void spacings after the extended vibration. 
A comparison of the air content and the spacing factor values for the two types of samples 
are given in Figure 2.17 (a) and (b), respectively. It can be seen from Figure 2.17 (a) that as the air 
content value increases, the data points get distributed within a wider range around the line of 
equality. The results demonstrate a strong correlation of the air contents between the tie and 
cylinder samples, further supporting the potential of the proposed match-vibration testing 
protocols for quality assurance and quality control of the crosstie freeze-thaw durability. As for the 
comparison of the spacing factor shown in Figure 2.17 (b), all the samples except for sample C 
have their spacing smaller or close to 0.2 mm, indicating that desirable freeze-thaw durability can 
be anticipated for those samples. Comparing the spacing factor results between the two types of 
molds, values obtained from the tie samples are very similar to their counterparts, as most of the 
data points in Figure 2.17 (b) lie very close to the line of equality. Therefore, a good agreement is 
































































This study investigated a new performance-based approach to evaluate the concrete freeze-
thaw durability of concrete crossties. Fresh concrete mixtures with different air entrainment were 
cast in both crosstie and cylinder molds. The tie samples were consolidated using a rod vibrator as 
adopted in the actual plant production. The cylinder samples were consolidated by a table vibrator 
intended to match the intensity of the rod vibrator used for the tie samples. The consolidating effect 
of the two types of samples was characterized based on the acceleration measured in the fresh 
mixtures during the vibration. After hardening, the air void parameters of the two groups of 
samples were compared using an automated flatbed scanner method for the C457 air void analysis. 
It was found that the air void systems of the investigated air entrained mixtures are robust, as 
their spacing factors were generally unchanged by long exposure to vibration. This robust 
performance is encouraging for the specific mixture and vibration protocols used in this study. The 
results suggest that freeze-thaw durability of the considered concrete ties would be insensitive to 
changes in vibration duration. 
The results also showed strong correlations on both air content and spacing factor between the 
tie and the cylinder samples, further validating the performance-based testing approach 
investigated in this study. This proposed approach has a potential to help the rail industry better 







CHAPTER 3: WATER ABSORPTION OF FOAMED CEMENTITIOUS MATERIALS 
 
 The utilization of foamed concrete has been rising in recent years. Foamed concrete has 
characteristics of lighter weight, lower strength, better fire protection or insulating ability 
compared to conventional concrete. These properties make foamed concrete an appropriate 
material for sound barriers and firewalls, structural backfill, foundations, building panels, 
lightweight base or geotechnical fill and mine fill applications. Foamed concrete also has a unique 
property of absorbing energy and this finds applications in vehicle arresters on airport aprons, mine 
plugs, ballistic range targets, and roadway crash barriers [34]. However, because of durability 
issues concerning foamed concrete, its full potential has not been realized. Unlike conventional 
concrete, there have been very few studies conducted with regard to durability of foamed concrete. 
Therefore, understanding the movement of water in such materials is of paramount importance 
and only then its long term performance can be assessed.  
 One such durability issue is freeze-thaw deterioration, mainly encountered in cold climates. 
It is believed that the mechanism of freeze-thaw deterioration in foamed concrete would be very 
different from that observed in conventional concrete. Water is mainly present in foamed concrete 
as free water or absorbed water, instead of capillary water. Also, because of the presence of larger 
voids, it is expected that a larger volume of water is present in the foamed materials compared to 
normal concrete for the same time of exposure to moisture [35]. It has been suggested that a two 
phase deterioration takes place in foamed concrete, one due to the typical expansive forces from 
restrained freezing water and another due to the existence of differential forces between the 
saturated surface zone and unsaturated inner zone [34].  
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 In this study, the water absorption characteristics of foamed cementitious materials were 
investigated as a function of density. Five foamed cementious mixtures were prepared ranging 
from target densities of 0.4 g/cm3 to 1.6 g/cm3. Two more mixtures were used; one was an air-
entrained cement paste of target density 1.7 g/cm3 while the other one was pure cement paste of 
target density 1.9 g/cm3. Three different water absorption tests were conducted on these mixtures.  
 
3.1 Literature Review 
 The permeability of concrete represents the ease with which water or any other fluid/gas 
can enter and flow through it. It can be taken as a measure of the durability of the concrete [6]. 
There have been numerous studies being done to explore the relationship between permeability 
and porosity of mortar and concrete. A high porosity does not necessarily imply high permeability 
but it depends on whether the pores are interconnected or discontinuous. Air-entraining agents 
used in concrete usually produce bubbles which are spherical in shape and about 50 µm in diameter 
but they rarely increase the permeability due to lack of channels for flow of water [36].   
 Aggregates have lower porosity than mortar but it was found in one of the studies that 
inclusion of aggregates in mortar resulted in increase in permeability [37]. Nyame believed the 
formation of microcracks at the interface between the mortar and aggregates as the reason behind 
increase in permeability. While addition of aggregates can be thought to reduce permeability due 
to size and volume obstructions it can also lead to higher permeability because of the formation of 
microcracks at the interface with mortar [37]. Kearsley and Wainwright believed that the air voids 
entrained in foamed concrete can behave as aggregates. They can be expected to not reduce 
permeability by inhibiting flow, but because of no microcracking, they are also not expected to 
increase permeability [36]. In another of his studies, Nyame came to a conclusion that porosity of 
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hardened cement paste not only depends on permeability but also on the water to cement ratio and 
hydration time [38].  
 Water absorption characteristics of foamed concrete have been studied by numerous 
researchers in the past. Different types of tests were followed to measure absorption on specimens 
dried to constant mass. Some of the tests include 24-hour immersion in water, immersion in water 
till constant mass and the vacuum saturation method [8]. The vacuum saturation method was 
followed in accordance with ASTM C1202 [39]. It has been reported in literature that the condition 
in which specimens are tested has a significant effect on the absorption characteristics. It is possible 
that residual water is present in the pores of the concrete as a result of incomplete drying and this 
can obstruct the flow of water. On the other hand, drying specimens at temperatures higher than 
1000C can cause shrinkage cracking and this in turn can result in high porosity and permeability. 
One of the studies involved investigation of the gas permeability on samples dried at different 
temperatures and it was found that permeability increased as the drying temperature increased 
[36].  
Sorptivity measurements have also been performed on foamed concrete samples. 
Sorptivity gives a measure of a material to absorb and transmit water or any other liquid by 
capillarity. The relationship for sorptivity can be expressed as i=A+St0.5 where i represents 
cumulative volume of water absorbed per unit area of inflow surface in time t. S is sorptivity of 
material obtained from slope of i versus t0.5 curve and A is a constant term [8].   
Ramamurthy and Nambiar investigated water absorption and sorption characteristics for 
foamed concrete mixes of varying densities. It was found that water absorption and sorptivity 
values increased with increase in density and was the highest for the mix without any foam. Their 
reasoning behind this observation was that only the capillary pores take part in the absorption 
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process and the entrained air voids do not take up water. As the amount of entrained air voids 
increased with higher foam content in the mixes, there was an increase in tortuosity and therefore 
resulted in decrease in sorptivity values [8]. Similar observations were made by other researchers 
[36, 40, 41]. Although these studies were performed on foamed concrete samples of varying 
densities but all of them were ‘high-density’ samples. It is the author’s argument that the materials 
tested were all closed cell and that the water absorption characteristics would be much different 
for open cell materials. Therefore, an attempt has made in this study to overcome the limitations 
of previous research in this field. 
 
3.2 Experimental Procedure 
 Seven mixtures were used for the different water absorption tests. Five of them were 
foamed cement mixtures of target densities 0.4 g/cm3, 0.6 g/cm3, 0.9 g/cm3, 1.2 g/cm3, and 1.6 
g/cm3 (the measured densities were within 10% of the target densities for all the mixtures). These 
mixtures were prepared by mixing the cement paste with preformed foam. An air-entrained cement 
mixture of target density 1.7 g/cm3 and a cement paste mixture of 1.9 g/cm3 were also used. For 
each of the seven mixtures, Type I cement was used and 40% of the cement was replaced with 
Class C fly ash. Fly ash is generally a common ingredient in most foamed concrete mixtures. 
Inclusion of fly ash also made the mixes more workable. The water to cementitious material ratio 
for each of the mixes was 0.37 and about 4% calcium chloride by weight of cementitious material 
was used as accelerator to promote early hardening. Depending on the target density of the mixture, 
the dosage of foaming admixture and air-entraining admixture were adjusted. Foaming agent 
BASF MasterCell 30 (synthetic based admixture) and air-entraining agent Daravair 1400 were 
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used. An appropriate amount of superplasticizer Sika Visocrete 2100 was also added to ensure the 
mixtures were workable enough. 
 The water absorption tests were done on 4 by 8 inches cylinders which were oven dried at 
1050C. The age of each tested sample was 14 ±1 days. Three different tests were conducted on the 
seven mixtures, namely initial rate of absorption (IRA) test, 24-hour absorption (test setup similar 
to IRA) and 24-hour absorption on complete immersion in water. The IRA test is usually done for 
bricks and it measures the amount of water absorbed per unit area in one minute. The absorption 
properties of the brick units and the retention properties of mortar are two main factors influencing 
the strength of bond developed between them [42]. The IRA test was chosen to be performed along 
with the 24-hour absorption test to see if the results correlated well with the other absorption tests. 
Because IRA is a one-minute test, it can be used to quickly estimate water absorption 
characteristics of porous cementitious materials.  Figure 3.1 shows the setup used for an IRA test. 
The cylinders were placed on a tray with approximately 5mm height of water and the amount of 
water absorbed in one minute was recorded. 
 The amount of water absorbed over 24 hours was also measured and it was expressed as 
percentage by volume of the cylinder. A different set of oven dried samples were also completely 
immersed in water and absorption was expressed as percentage by volume of the cylinder. 
Although the samples lighter than 1 g/cm3 initially floated over water but they eventually 




Figure 3.1: Setup for IRA test 
 
It was mentioned in the previous section that incomplete drying could result in residual 
water being present in the pores of the cement mixture whereas drying at higher temperatures could 
result in shrinkage cracking and lead to high porosity. However, oven drying at 1050C was chosen 
for this study for purposes of convenience of testing and consistency of results even though such 
high temperatures are never encountered in field. Also, the main goal of this study was to 
investigate water absorption characteristics of porous cementitious materials subjected to same 
testing conditions as a function of density.    
Additionally, a fracture surface sample of each of the mixture was taken and its 
microstructure was analyzed using scanning electron microscopy (SEM). The water absorption 
test results for the samples were then related to their SEM images. For SEM, samples were few 
millimeters in size and they were sputter coated with gold-palladium alloy to make them 
conductive. The deposition time was so adjusted that the thickness of the coating was about 7.5 
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nm. The instrument JEOL6060 Low-Vacuum SEM was used. Comparisons were also made 
between the foamed cement mixture of density 1.6 g/cm3 and air-entrained cement mixture of 
density 1.7 g/cm3.  
 
3.3 Results and Discussion 
 The results obtained from the various water absorption tests for all the seven mixtures are 
shown in Table 3.1. It can be seen that for all the three tests, the water absorption values decrease 
as density increases from 0.4 g/cm3 to 0.9 g/cm3 but then increases as density further increases to 
1.9 g/cm3.  
 
Table 3.1: Water Absorption Test Results 
Density IRA 24-hour absorption 24-hour absorption 
(complete 
immersion) 
[g/cm3] [g/min/in2] [% volume] [% volume] 
0.4 8.94 9.38 60.96 
0.6 4.88 7.05 35.08 
0.9 0.44 3.90 23.63 
1.2 0.72 9.02 24.21 
1.6 0.84 10.30 26.41 
1.7 0.83 10.42 30.84 
1.9 1.39 11.68 31.74 
 
Figure 3.2 shows the variation of IRA values as function of density. A drastic decrease in 
IRA values is observed as density changes from 0.4 g/cm3 to 0.6 g/cm3 and then to 0.9 g/cm3. On 
the other hand, the IRA values increase only slightly with further increase in density. Figure 3.3 
shows 24-hour absorption as function of density. As density increases 0.4 g/cm3 to 0.9 g/cm3, the 
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decrease in absorption values is not that significant when compared to the IRA values. However, 
as density further increases, the increase in absorption values is more prominent.  
 
 
Figure 3.2: IRA v Density 
 
 







































The results indicate that for the lower density mixtures, water mainly moves through the 
entrained air voids while for the higher density mixtures, it travels through the capillary pores. As 
density increases from 0.4 g/cm3 to 0.9 g/cm3, the volume of entrained air voids decreases 
significantly and hence a similar change is observed in the IRA values. It can be noted that a drastic 
change is observed when the test runs for 1 minute but not quite when the test runs for 24 hours, 
as can be seen from the relatively small decreases in absorption values. The opposite is true for the 
higher density mixtures. As density increases from 0.9 g/cm3 to 1.2 g/cm3, there is only a slight 
increase in the IRA value but the 24-hour absorption value increases significantly. This shows that 
the entrained air voids are not taking up water for the latter case and they block its flow. Also, it 
can be concluded that over a period of 24 hours, water can move through the capillary pores, 
however tortuous the path be, but this is not possible in 1 minute. 
Figure 3.4 shows the 24-hour absorption values of the various mixtures when completely 
immersed in water as function of density. When completely immersed, water can enter from all 
sides as opposed to the one-dimensional flow that takes place in the IRA test setup. Comparing the 
two 24-hour absorption tests, the decrease in the absorption values is similar for both of them when 
density increases from 0.4 g/cm3 to 0.9 g/cm3. The only notable difference is observed when 
density changes from 0.9 g/cm3 to 1.2 g/cm3. For the case of complete immersion in water, the 
absorption value increases only slightly but this is not observed for the one-dimensional flow. This 
can be explained by the fact that the voids are interconnected in the mixture of density 0.9 g/cm3 
while they are not for the mixture of density 1.2 g/cm3. Hence, for the one-dimensional flow in the 
former, water is able to move through the voids. On further increase in density, both the tests show 




Figure 3.4: 24-hour absorption (complete immersion) v Density 
 
3.4 Comparison of SEM Images 
 SEM images were taken for samples of all the seven mixtures. The water absorption results 
from all the tests can be well correlated to their SEM images. Figures 3.5 and 3.6 show the SEM 
images of samples of densities 0.4 g/cm3 and 0.6 g/cm3 respectively. As can be seen from the 
figures, the largest void in sample of density 0.4 g/cm3 is about 1mm in diameter but for sample 
of density 0.6 g/cm3, most of the ‘larger’ voids are about 500µ in diameter. The sizes of the 
‘smaller’ voids in the two samples are also notably different. It is about 200 µ for the former while 
for the latter, it is about 100 µ in diameter. This can explain the difference in water absorption 
observed for both the densities. As density increases from 0.4 g/cm3 to 0.6 g/cm3, the decrease in 
IRA value is more prominent compared to the decrease seen in 24-hour absorption. This is due to 
the difference in the sizes of the voids in the two samples. The sample of density 0.6 g/cm3 is able 





































Figure 3.5: SEM image of foamed cement of density 0.4 g/cm3 
 
 
Figure 3.6: SEM image of foamed cement of density 0.6 g/cm3 
 
As can be seen from the figures, both the samples are open cell materials and therefore 
water movement takes place through the voids. It is interesting to note that the samples of densities 
0.4 g/cm3 and 0.6 g/cm3 have void content of 79% and 69% but on complete immersion in water, 
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they absorb about 60% and 35% by volume respectively. Again, this is due to the difference in the 
size of voids in the two samples. 
 Figures 3.7 and 3.8 show the SEM images of samples of densities 0.9 g/cm3 and 1.2 
g/cm3 respectively. As can be seen in Figure 3.7, the size of ‘larger’ voids become much smaller 
compared to that for sample of density 0.6 g/cm3. The proportion of the ‘smaller’ voids decreases 
and their size becomes even tinier.  Comparing between Figures 3.7 and 3.8, the size of the voids 
is essentially similar but the proportion of voids in the latter is much lesser. Most importantly, as 
density transitions from 0.9 g/cm3 to 1.2 g/cm3, it changes from being an open cell to a closed cell 
material. This is the reason why the water absorption behavior changes at this point. For the closed 
cell material of density 1.2 g/cm3, because the voids are not interconnected, water does not move 
through them but flows through the capillary pores. There are only marginal increases in the IRA 
and 24-hour water absorption (complete immersion) values but the increase in 24-hour absorption 
is significant. This shows that for one-dimensional flow over a period of 24 hours, water is able to 
move around the voids and through the cement paste. 
   
 




Figure 3.8: SEM image of foamed cement of density 1.2 g/cm3 
 
 Figures 3.9 and 3.10 show the SEM images of samples of densities 1.6 g/cm3 and 1.7 g/cm3 
respectively. The size of the voids in the former is uniform but this is not the case for the latter. 
This shows that the foaming admixture that was used to make the foamed cement produced voids 
of uniform size but not the air-entraining admixture. Also, the dosage of air-entrainer required to 
achieve the target density was much higher than that of the foaming admixture. With regard to the 
water absorption, the two samples show similar behavior. This shows that at higher densities, void 
size does not govern the water absorption but the density/void content does. There is little 





Figure 3.9: SEM image of foamed cement of density 1.6 g/cm3 
 
 
Figure 3.10: SEM image of air-entrained cement of density 1.7 g/cm3 
 
As density increases from 0.9 g/cm3cto 1.9 g/cm3, the void content decreases or in other 
words, the amount of cement paste increases. The sample of density 1.9 g/cm3 is cement paste 
without any foam or air-entrainer and hence it has the highest absorption among the high-density 
samples. Figure 3.11 shows the SEM image of cement paste sample of density g/cm3.  
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Figure 3.11: SEM image of cement paste of density 1.9 g/cm3 
 
3.5 Conclusions 
In this study, the water absorption characteristics of foamed cement samples ranging from 
densities of 0.4 g/cm3 to 1.6 g/cm3 were investigated. Their behavior was compared to two more 
mixtures; one was an air-entrained cement of density 1.7 g/cm3 and the other one was cement paste 
of density 1.9 g/cm3. Three different water absorption tests were done and all of them yielded 
similar results. The water absorption test results were also correlated to the SEM images of samples 
of all densities. 
It was found that amount of water absorbed decreased as density increased from 0.4 g/cm3 
to 0.9 g/cm3 but then increased on further increase in density. As density changed from 0.9 g/cm3 
to 1.2 g/cm3, the material transformed from an open cell to a closed cell. For the open cell materials, 
because the voids are interconnected, water flowed through them whereas in the closed cell 
materials, water flow took place through the capillary pores. In addition to void content, the size 
of voids was also an important factor governing the results of the various tests. The SEM images 
of foamed cement sample of density 1.6 g/cm3 and the air-entrained cement sample of density 1.7 
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g/cm3 revealed voids of different size distributions but they showed similar water absorption 
behavior. Thus, it could be concluded that only void content matters for the high-density samples. 
The water absorption characteristics of the foamed cement samples could give to some extent their 
behavior under conditions of freezing and thawing. The author is currently working on studying 




















CHAPTER 4: FORENSIC METHODS FOR PRESENCE OF AIR-ENTRAINING AND 
FOAMING ADMIXTURES 
 
Chemical admixtures form an essential constituent of concrete, just like cement or water. 
They have the ability to greatly change the properties of concrete even when added in very small 
amounts. However, there are chances that there are remains of such admixtures present. Even 
though the presence of traces of such admixtures in concrete is not going to affect its performance 
but their analysis is necessary from the point of view of forensic science. There are a host of 
characterization techniques available for this purpose. These techniques can help in both 
qualitative and quantitative analysis. 
 This chapter mainly discusses about methods that could be used to detect presence of air-
entraining and foaming admixtures. These admixtures essentially perform the same function in 
concrete. The techniques which have been discussed about in this chapter include energy 
dispersive X-ray spectroscopy (EDS), inductively coupled plasma optical emission spectrometry 
(ICP-OES), CHN analysis and X-ray fluorescence (XRF). A discussion of the advantages and 
limitations of each technique is presented. In this study, these techniques were used for 
compositional analysis of foamed cement/air-entrained cement samples. Composition of the air-
entraining and foaming admixtures were also studied. A cleaning experiment was also performed 
wherein the samples would be ‘cleaned’ in an ultrasonic booth containing water/alcohol for a 
certain length of time. Compositional analysis was done both before and after the cleaning process. 





4.1 Experimental Procedure 
Foamed cement and air-entrained cement paste samples were used for this study. The mix 
proportions were the same as that used for the samples of water absorption tests. Foamed cement 
samples were prepared using two different types of foaming admixtures, both of which were 
synthetic based. One was BASF MasterCell 30 and the other was Aerlite-IX. The samples of 
densities 0.4 g/cm3 were used. Air-entraining admixture Daravair 1400 was used to make the air-
entrained cement paste sample of density 1.7 g/cm3. The samples were ‘cleaned’ in an ultrasonic 
booth containing water for 3 minutes. The samples were named in such a way that it represented 
the type and whether it was cleaned or not. FC1 represents the foamed cement sample made with 
BASF MasterCell 30 and no cleaning, and FC11 represents the sample after being cleaned. 
Similarly, FC2 and FC22 represent the sample made with Aerlite-IX before and after the cleaning 
process respectively. For the air-entrained cement paste, the samples were named AC1 and AC11.  
All samples were subjected to chemical analysis using SEM-EDS, ICP-OES, CHN analysis and 
XRF to see for the presence of remnants of these admixtures. The elements expected to be present 
in the samples due to these admixtures were known based on information from their respective 
Material Safety Data Sheets (MSDS) [47, 48, 49]  
For SEM-EDS, fracture surfaces of the samples were used. They were few millimeters in 
size and were sputter coated with gold-palladium alloy to make them conductive. Sample FC1 was 
also cleaned in an ultrasonic booth containing isopropanol. For SEM-EDS, foamed cement sample 
of density 0.6 g/cm3 was also used. The instrument JEOL6060 Low-Vacuum SEM was used for 
this study. 
For ICP-OES and CHN analysis, the samples were ground to fine powder and passed 
through No. 200 sieve. For the cleaned samples, they were ground after the cleaning process. Few 
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milligrams (2-5 mg) of the powder were used for the analysis. PerkinElmer 2000 DV and CE 440 
Elemental Analyzer were used for ICP-OES and CHN analysis respectively. ICP-OES can provide 
accurate quantification results for all metals and a couple of non-metals, namely sulfur and 
phosphorus. For XRF, the samples were approximately 1cm by 1 cm by 1cm. The instrument 
EDXRF 7000 was used. It could detect all elements including and heavier than sodium. 
  
4.2 Energy Dispersive X-ray Spectroscopy (EDS) 
 EDS is a technique which is used for chemical characterization of a sample. It is used 
together with scanning electron microscopy (SEM). The electron beam in an SEM may excite an 
inner shell electron and eject it in the process. An outer shell electron can then fill the vacancy in 
the inner shell. The difference in energy between the two shells is then released in the form of an 
X-ray. Each element has its unique atomic structure and the energies of the X-rays detected by the 
spectrometer are also characteristic of the element. Thus, EDS is able to measure the elemental 
composition of the sample. It is mainly used for qualitative analysis and it can also provide 
quantification results though they may not be highly accurate. Small analytical volume and non-
destructive analysis are two major advantages of quantitative analysis by EDS [43]. 
 There are certain requirements needed for quantitative analysis of a sample using EDS. 
The surface of the sample has to be flat and well-polished and it should have homogeneous 
composition within an analytical volume. Also, the sample needs to be stable under electron beam 
and all elements present in the sample should be accounted for during the quantification analysis 
[43]. However, with regard to cement and concrete science, quantitative analysis by EDS is very 
difficult as the requirements are rarely met. Concrete is a heterogeneous material and polishing 
can prove to be challenging due to the presence of hard unreacted grains and comparatively softer 
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hydrated cement paste [44]. There are a lot of phases in concrete and they often exist together in 
the analytical volume. This can affect the quantification results for a particular element. Hydrogen 
is present in the form of bound water and its amount should be taken into consideration. Being 
very light, the quantification of hydrogen through EDS is not possible. Also, there is possibility of 
the hydrated phases getting degraded under the electron beam [45]. Even though the quantification 
results from EDS are not accurate, they can still be very helpful for qualitative chemical analysis. 
Scrivener et al. has extensively discussed about electron microscopy for cementitious materials in 
[46].  
 
4.2.1 Results and Discussion  
Figure 4.1 shows the SEM image of sample FC1. The image reveals the presence of certain 
crystals in/around the voids. Figure 4.2 (a) shows SEM image of FC1 at higher magnification while 
(b) shows the image of sample FC11 at the same magnification. This shows that the crystals are 
‘hair-like’ but on cleaning with water, the crystals dissolve and are washed away.  
 
 






Figure 4.2: SEM images of (a) FC1 and (b) FC11 
 
 These crystals are essentially the remnants of the foaming admixture and this can be 
confirmed from the EDS results of FC1 and FC11. Table 4.1 shows the elemental composition of 
samples FC1 and FC11. The major elements present in the foaming admixture are carbon, 
hydrogen, oxygen and sulfur [47].  Hydrated cement paste also contains oxygen and sulfur (from 
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ettringite/monosulfate) in addition to other elements. Therefore, it is difficult to arrive at proper 
conclusions regarding the composition of the crystals. However, the drastic decrease in the 
composition of sulfur after the cleaning process can confirm that the crystals are remains of the 
foaming admixture. There is still some amount of sulfur present after cleaning but it is seen from 
SEM that all the crystals are washed away. This is due to sulfur from hydrated cement or from 
beneath the surface. The cleaning process essentially cleans only the surface but the interaction 
volume of the electron beam in SEM is usually in the range of micrometers. The same is true for 
the composition of carbon. Moreover, the quantification results for carbon are comparatively less 
accurate because of being very lightweight. On the other hand, on cleaning with isopropanol, no 
change is observed and the crystals still remain. The elemental composition also essentially 
remains the same (shown in Table B4 in Appendix B) 
 







C 4.9 5.7 
O 33.8 31.7 
Na 0.9 0.5 
Al 7.6 3.5 
Si 4.8 3.1 
S 4.7 0.6 
Ca 43.3 54.9 
 
Another way to confirm that the hair-like crystals seen in sample FC1 are remains of the 
foaming admixture was by letting a certain amount of the admixture placed on a glass slide dry in 
air. Similar crystals can be seen during the drying process and the same is shown in Figure 4.3.     
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Figure 4.3: Foaming admixture BASF MasterCell 30 during drying in air 
 
Figures 4.4 (a) and (b) show the SEM images of foamed cement sample of density 0.6 
g/cm3. The same foaming admixture was used to prepare this sample but no crystals or any other 
distinct feature is seen. In fact, SEM images for the even higher density samples did not reveal the 
presence of any such crystals. A higher dosage of admixture is required to prepare sample of 
density 0.4 g/cm3 and therefore, it is possible that there are remains of them left behind. A closer 
inspection of the cement paste surface shows that it is similar to that observed in sample FC11. 
However, EDS analysis reveals the presence of elements such as carbon and sodium indicating 
that there could be a film of the admixture present over the surface. There is essentially no change 
in the elemental composition results after the cleaning process (shown in Table B5 in Appendix 
B). It is known that the admixture is soluble in water but the cleaning process only cleans the 







Figure 4.4: SEM images of (a) foamed cement sample of density 0.6 g/cm3 and (b) at higher 
magnification                   
 
Figures 4.5 (a) and (b) show the SEM images of sample FC2. There are no crystals present 
in this sample like those observed for sample FC1. In other words, it is similar to the foamed 








Figure 4.5: SEM images of sample (a) FC2 and (b) FC2 at higher magnification 
 
 Table 4.2 shows the elemental composition obtained from EDS analysis for samples FC2, 
FC22, AC1 and AC11. The presence of nitrogen in both FC2 and AC1 can confirm that a thin film 
of the admixture exists over the surface of the cement paste [48, 49]. Again, as observed in the 
elemental composition results for the foamed cement sample of density 0.6 g/cm3, there is no 
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significant change in the composition after the cleaning process for FC2 and AC1. It can be 
expected that even these admixtures are soluble in water, however, the cleaning process essentially 
cleans only the surface of the sample but the penetration depth of the electron beam is much larger. 
 
Table 4.2: Elemental composition from EDS analysis II 
Element 
Composition 
FC2 FC22 AC1 AC11 
[% wt.] [% wt.] [% wt.] [% wt.] 
C 0 0.5 3.4 4.1 
N 3.8 3.5 0.3 0 
O 16.6 29.4 31.4 32.8 
Na 0.5 1.2 0.3 0.2 
Al 4.6 3.3 7.2 5.4 
Si 6.6 5.7 9.2 8.0 
S 1.4 1.5 3.0 0.2 
Ca 66.5 54.9 45.2 49.3 
 
 The drawbacks for quantitative analysis using EDS for cementitious materials has been 
discussed earlier in this section. The elemental composition results from EDS analysis conducted 
in this study corroborate this fact. However, the EDS analysis was done in various regions of the 
sample surface for all the samples and it was seen that for a particular sample, the composition is 
consistent Therefore, with regard to detecting presence of traces of admixtures, EDS is helpful for 
qualitative analysis but not useful for quantitative analysis. Just like the presence of sulfur in 
hydrated cement, sodium could also be present as impurities in cement in significant amounts. 
Carbon and hydrogen are essential components of most admixtures but because of being 
lightweight, hydrogen can never be detected and the EDS might also not be able to detect presence 
of traces of carbon in certain cases. The cleaning process is beneficial only for sample FC1 as the 
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crystals are washed away and the same can be seen in the SEM images. However, this experiment 
did not make sense for samples FC2 and AC1.   
 
4.3 Inductively Coupled Plasma – Optical Emission Spectrometry (ICP-OES) and CHN 
Analysis 
4.3.1 ICP-OES 
 ICP-OES is a powerful technique that can detect the presence of trace elements in complex 
matrices. It can provide reasonably accurate quantification results. Inductively coupled plasma is 
used which produces excited atoms and ions. Electromagnetic radiation is emitted in the process 
at wavelengths which are characteristic of a particular element. Argon based plasmas are typically 
used at high temperatures usually in the range of 6000 to 10000K. The high operating temperature 
causes the atomization/excitation process to be more efficient and it produces highly populated 
excited states and therefore, improved detection limits with high precision [50]. The emission 
radiation of the plasma could be collimated/detected in different directions and typically an ICP-
OES instrument could have a radial or axial view [51]. While the radial view is at 900, the axial 
one is a top view of the plasma plume.  Although the latter can have improved sensitivity, it can 
also result in increased interferences [52]. The emission radiation produced from the 
atomization/excitation process is separated into its fundamental wavelengths with the help of a 
grating. Figure 4.6 shows a schematic of an ICP-OES instrument with a radial configuration [50]. 
This technique requires a constant gas source for the plasma and nebulization of the sample. There 
are a lot of spectral features in the emission radiation emitted by the high-energy 
atomization/excitation source and therefore, a spectral clutter is needed. This can lead to 
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interferences and a comparatively high background noise. High operating costs is another major 
shortcoming of this technique [53]. 
 
Figure 4.6: Schematic of an ICP-OES instrument with radial configuration [50] 
 
 Hydrated cement is a highly heterogeneous material which has certain elements at high 
concentrations and certain others at very low concentrations (in the order of ppm). Therefore, ICP-
OES can be a useful tool for accurate quantification of the different elements. With regard to 
cement and concrete science, ICP-OES has been made use of to accurately determine the 
composition of cement pore solutions [50]. There was research also being done to evaluate the 
feasibility of ICP-OES for analysis of cement and it was concluded that they could prove to be a 
useful technique as they yield accurate results. Moreover, sample preparation is easy for this 
technique and it is cost effective too [54]. There have also been studies conducted to study 




4.3.2 CHN Analysis 
 A CHN analyzer is an instrument that can detect traces of carbon, hydrogen and nitrogen 
present in a sample. The sample is oxidized into simple compounds which are then analyzed using 
thermal conductivity detection or infrared spectroscopy. A certain mass of sample (usually 2-3 mg) 
is weighed in a tin capsule and introduced into a high temperature furnace where it is combusted 
in oxygen. Using tin capsules help as they result in strong exothermic combustion at approximately 
18000C ensuring complete oxidation of the sample under static conditions. Specialized reagents 
are used over which the combustion products are passed and carbon dioxide (CO2), water (H2O), 
nitrogen (N2) and oxides of nitrogen are produced. Excess oxygen is removed and the oxides of 
nitrogen are reduced by passing these gases over copper, after which the gases enter a mixing 
volume chamber. The homogeneous mixture then passes through a series of high-precision thermal 
conductivity detectors which contain a pair of thermal conductivity cells. There is a water trap 
between the first two cells and the differential signal between them is a measure of the amount of 
hydrogen in the sample. There is also a carbon dioxide trap for measuring carbon and the amount 
of nitrogen is measured based on a helium reference [57]. Figure 4.7 shows a schematic of the 
CHN analytical system under static conditions [57]. 
 
 




 There is very little to no research being done in the area of CHN analysis for the study of 
cementitious materials. Carbon and hydrogen are major components of most of the chemical 
admixtures used in concrete, therefore it can be very useful to detect presence of traces of 
admixtures in cementitious materials. They are also known to provide reasonably accurate 
quantification results.  
 
4.3.3 Results and Discussion 
 Table 4.3 shows the elemental composition results from ICP-OES and CHN analysis. 
While CHN analysis measured the amounts of carbon, hydrogen and nitrogen, the amounts of 
sodium and sulfur were measured using ICP-OES. Only sodium and sulfur were measured because 
these are the elements which are present in the different types of admixtures. 
  
Table 4.3: Elemental composition from ICP-OES and CHN analysis 
Element 
Composition 
FC1 FC11 FC2 FC22 AC1 AC11 
[% wt.] [% wt.] [% wt.] [% wt.] [% wt.] [% wt.] 
C 5.61 5.63 1.57 1.55 2.2 1.13 
H  1.19 1.09 1.95 1.94 1.41 1.31 
N 0.10 0 0 0 0.09 0.04 
Na 0.12 0.10 0.92 0.30 0.29 0.26 
S 1.10 1.25 1.58 1.46 1.61 1.53 
  
 It can be seen from the results that the composition of the samples made with each of the 
different admixtures remains essentially the same after the cleaning process. This is expected as 
the cleaning process cleans only the surface of the bulk sample and they were ground to fine 
powder after that. Although the quantification results obtained for all the elements can be expected 
to be reasonably accurate, however, it cannot be said for certain if the composition of these 
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elements is due to the presence of traces of admixtures or how much of this composition is due to 
the admixtures. As discussed earlier, sulfur is present in hydrated cement as ettringite/monosulfate 
and sodium is also usually present as impurities during the manufacturing of cement. Moreover, 
some amount of carbon could be present due to the presence of carbonate phases caused due to 
carbonation of the sample in air and hydrogen is present as bound water in hydrated cement. The 
traces of nitrogen found in samples FC1 and AC1 could indicate to some extent the presence of 
the admixtures but the same cannot be said for sample FC2. The composition of the different 
admixtures was also studied using ICP-OES and CHN analysis (shown in Tables B1, B2 and B3 
Appendix B) and comparisons are made with the corresponding results obtained from the cement 
samples. However, no correlation is found because of reasons mentioned above. 
 
4.4 X-Ray Fluorescence (XRF) 
 X-ray Fluorescence (XRF) is a technique which is used for chemical/elemental analysis of 
a wide variety of materials. This technique is based on the principle of primary X-rays of one 
element generating secondary X-rays of another element by fluorescence. This is due to 
photoelectric absorption of primary X-rays of the former by an atom of the latter. When this 
happens, an electron is ejected from the inner shell of an atom of the latter element. Characteristic 
X-rays are then produced during de-excitation. This process is similar to that observed during the 
generation of X-rays by electron beam. The measurement of the energy of fluorescent X-rays so 
generated is the basis of XRF analysis [43].  The presence of an element could be estimated based 
on the peak energy while the intensity of the peak gives a measure of its concentration.  
 There is a lot of research being conducted to study chemistry of cementitious materials 
using XRF. The use of XRF analysis to measure concentrations of major and trace elements in 
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Portland cement is abundant. Some of the previous works on this can be found in [58, 59]. Khelifi 
et al. studied the accuracy and precision of XRF analysis and found that a second order regression 
model could properly interpret the experimentally obtained data with high accuracy [58]. The safe 
disposal of industrial and radioactive wastes is important and speciation of heavy metals in cement 
based wastes is possible. The composition of heavy metals can be studied using XRF analysis [60]. 
There is also the possibility of using various forms of waste as raw material for cement production. 
This calls for the study of composition of the wastes and this can be done using XRF [61]. In 
addition to these, there is a lot of research in literature which uses XRF for study of cementitious 
materials. The fact that the technique is easy to understand, relatively quicker compared to other 
analytical techniques and cost effective are reasons for its extensive use. Moreover, sample 
preparation for XRF is simple and quick.  
 
4.4.1 Results and Discussion 
 Table 4.4 shows the elemental composition results obtained from XRF analysis. The 
instrument used for the study EDXRF 7000 can only detect sodium and the heavier elements. It 
can be seen that the composition of the elements remains essentially the same after the cleaning 
process. Again, this is because only the surface of the bulk sample gets cleaned. Sodium is the 
lightest element that could be detected and therefore, the quantification results obtained cannot be 
relied upon. The trace amount of sodium present could be due to the impurities in the cement and 
not due to the admixtures. The same can be said for the composition of sulfur as hydrated cement 





Table 4.4: Elemental composition from XRF analysis 
Element 
Composition 
FC1 FC11 FC2 FC22 AC1 AC11 
[% wt.] [% wt.] [% wt.] [% wt.] [% wt.] [% wt.] 
Na 0.06 0 0.61 1.77 0.32 0 
Al 4.76 5.69 5.78 5.48 8.66 6.76 
Si 17.94 18.4 19.91 18.98 25.78 22.02 
S 3.41 3.97 3.79 3.75 1.77 2.76 
Ca 73.83 71.94 69.91 70.02 63.47 68.46 
 
 The technique of XRF has certain advantages but it cannot be relied upon for detecting 
presence of traces of admixtures, even for qualitative purpose. Carbon and hydrogen are the major 
components of the admixtures used for the study but XRF cannot detect their existence.  
 
4.5 Conclusions 
 This study focused on some of the characterization techniques and their reliability and 
efficiency for detecting presence of traces of foaming/air-entraining admixtures was presented. 
The composition of foamed/air-entrained cement samples was studied using SEM-EDS, ICP-OES, 
CHN and XRF analysis. A cleaning experiment was also performed wherein the samples were 
‘cleaned’ in an ultrasonic booth containing water/alcohol. Compositional analysis was done both 
before and after the cleaning process. 
 SEM-EDS showed that the remains of the foaming admixture BASF MasterCell 30 were 
present in/around the voids as hair-like crystals and the crystals were washed away on cleaning 
with water. There was no change observed in the composition of the foamed cement sample on 
cleaning with alcohol. Because, SEM-EDS provides spot composition, it could qualitatively detect 
the presence of the admixture but their quantification was not possible. No such crystals were 
observed in the cement samples made with foaming admixture Aerlite-IX and air-entrainer 
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Daravair 1400. But because the composition of sulfur decreased substantially after the cleaning 
process, it could be qualitatively said to some extent that a film of the admixture is present over 
the cement paste surface.  
 ICP-OES and CHN analysis provided accurate quantification amounts of elements such as 
carbon, hydrogen, nitrogen, sodium and sulfur. However, except nitrogen, it could not be 
distinguished whether the presence of such elements was due to the presence of admixtures. Unlike 
SEM-EDS, ICP-OES/CHN analysis provides bulk composition and as such the cleaning 
experiment did not make sense. XRF analysis could only provide composition of sodium and the 
heavier elements, therefore, it cannot be relied upon, even for qualitative analysis.  
 In order to overcome the limitations of these techniques to some extent, surface analysis 
methods could be used. Techniques such as X-ray photoelectron spectroscopy (XPS) and 
secondary ion mass spectroscopy (SIMS) have penetration depth in the order of few nanometers. 
XPS cannot detect presence of hydrogen but SIMS is able to detect its presence, although 
quantification is very hard with the latter. Therefore, these surface analysis techniques could be 
used in conjunction with SEM-EDS and ICP-OES/CHN analysis to get more idea, both 
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Figure A1: Original scan and its processed ternary image of sample A(HA)_T_0 
 
 






Figure A3: Original scan and its processed ternary image of sample A(HA)_T_12 
 
 
Figure A4: Original scan and its processed ternary image of sample B(LA)_T_0 
 
 






Figure A6: Original scan and its processed ternary image of sample B(LA)_T_12 
 
 
Figure A7: Original scan and its processed ternary image of sample C(NA)_T_0
 
 





Figure A9: Original scan and its processed ternary image of sample C(NA)_T_12 
 
 
Figure A10: Original scan and its processed ternary image of sample D(TA)_T_0 
 
 





Figure A12: Original scan and its processed ternary image of sample D(TA)_T_12 
 
 
Figure A13: Original scan and its processed ternary image of sample F(EA)_T_0 
 
 





Figure A15: Original scan and its processed ternary image of sample F(EA)_T_12 
 
 
Figure A16: Original scan and its processed ternary image of sample A(HA)_C_0 
 
 





Figure A18: Original scan and its processed ternary image of sample A(HA)_C_12
 
 
Figure A19: Original scan and its processed ternary image of sample B(LA)_C_0 
 
 





Figure A21: Original scan and its processed ternary image of sample B(LA)_C_12 
 
 
Figure A22: Original scan and its processed ternary image of sample C(NA)_C_0 
 
 





Figure A24: Original scan and its processed ternary image of sample C(NA)_C_12 
 
 
Figure A25: Original scan and its processed ternary image of sample D(TA)_C_0 
 
 





Figure A27: Original scan and its processed ternary image of sample D(TA)_C_12 
 
 
Figure A28: Original scan and its processed ternary image of sample F(EA)_C_0 
 
 


























APPENDIX B: TABLES – COMPOSITIONAL ANALYSIS 
 
 















































Table B4: EDS results of sample FC1 before and after cleaning with isopropanol 
Element 
Composition 
before cleaning after cleaning 
[% wt.] [% wt.] 
C 1.8 1.2 
O 31.1 33.7 
Na 0.2 0.2 
Al 4.4 4.3 
Si 2.0 2.8 
S 5.2 4.9 
















before cleaning after cleaning 
[% wt.] [% wt.] 
C 3.0 3.2 
O 33.0 34.8 
Na 0.9 0.7 
Al 8.8 9.3 
Si 9.0 9.0 
S 0.9 0.9 
Ca 44.4 42.1 
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